The alloying and phase formation in Ni-Hf samples with 0.2-, 2-, and 5-at.% Hf were studied by X-ray diffraction (XRD) technique and scanning electron microscopy (SEM). Both characterization methods, XRD and SEM, reveal the presence of the HfNi 5 phase (fcc structure) where the excess Ni atoms are present in the form of Ni or Ni-rich segregations in the sample containing 5-at.% Hf. The sample with 2-at.% Hf is characterized by the presence of the two phases present in the 5-at.% sample and by Hf atoms, which occupy substitutional lattice positions in the Ni lattice. Finally, in the third sample with 0.2-at.% Hf, the Hf atoms mainly substitute the Ni atoms in the lattice. This analysis is being complemented with additional information on the local structure around Hf by extended X-ray absorption fine structure spectroscopy (EXAFS).
Introduction
Nickel-base superalloys find their current application in turbine blades for power generation and aircrafts. The main property of all Ni-base superalloys is their very high strength (shear resistance and flow stress) at high temperatures compared to usual alloys such as steels, accompanied by an increase of the flow stress around 1100 to 1200 K [1] . The second and the third generation of superalloys that contain refractory elements such as rhenium, exhibit superior mechanical properties and corrosion resistance. In that sense, the behavior and local structure of other refractory elements such as hafnium in nickel, is of special interest. The Ni(Hf) system is important both from a fundamental as well as application point of view [2, 3] . For example, the addition of less than about 1-at.% of Hf to nickel-base alloys improves the oxidation resistance by enhancing the scale adhesion [4] and leads to a substantial grain refinement [5] . The nickel-rich region of the nickelhafnium phase-diagram (nickel content more than 83-at.%) exhibits a restricted solid solubility. The maximum Hf solubility at eutectic temperature (1190 °C) is estimated to be 1.3-at.% [3, 6, 7] . As the temperature is lowered, the solubility sharply decreases, going below 0.2-at.% at around 500 °C [3] .
In this paper, we present a study on the structural properties and alloy formation in the Ni-Hf system containing 0.2-, 2-, and 5-at.% Hf. The microstructure of the samples was evaluated by X-ray diffraction (XRD) and Scanning Electron Microscopy (SEM) analysis. The results are complemented with information on the local structure around hafnium obtained by employing Extended X-ray Absorption Fine-Structure (EXAFS) spectroscopy.
Experimental Details
The nickel-hafnium alloys were prepared from high purity Ni (5N) and Hf (2N) in an RF oven under Ar overpressure. The oven chamber had been previously cycled several times from 10 -5 mbar to Ar overpressure to reduce the oxygen partial pressure below 10 -14 mbar. To achieve a homogeneous distribution of Hf, the samples were turned over and remelted several times. Finally, the samples were cut and polished into slabs of approximately 10 x 10 mm in size and 0.5 mm thickness.
The microstructure of the samples was characterized by XRD using a Bruker D8 Advance Diffractometer (parallel beam optics) with Cu-Kα radiation and a LiF monochromator in the diffracted beam. The beam optics was adjusted by a parabolic Göbel mirror (push plug Ni/C) with Soller slit of 0.12°. Morphological and microanalytical characterization was carried out by SEM with a Cambridge 250 MKIII and Energy Dispersive X-ray Spectroscopy (EDS) microanalysis. In order to investigate homogeneity of the samples backscattered electron images (BSE), sensitive to the local chemical composition, were taken on flat polished sections, obtained by embedding the samples in epoxy resin followed by the usual metallographic preparation of the resulting composite. A thin carbon coating was vacuum deposited before the SEM images were taken.
Recent Developments in Advanced Materials and Processes
The EXAFS measurements were performed at the HASYLAB X1 experimental station at DESY in Hamburg. We made measurements at the K-edge of Hf, detecting the absorption fine structure in fluorescence mode at ~ 35 K. The analysis of the observed absorption spectra was made following the standard FEFF procedure [8, 9] , while the background treatment was done with AUTOBK [10] .
Results and Discussion
The structure and alloy formation in the Ni rich region of the Ni-Hf system were examined by means of XRD. The preferred orientation of the crystallites was checked by rotating the samples about their surface normal. The XRD scans showed a preferential orientation of the crystallites in all of the investigated samples: pure Ni, and 0.2-, 2-, and 5-at.% of Hf in Ni (see Fig. 1 ). In Fig. 1(A) , the XRD pattern of the reference Ni sample is presented. The peak positions in the corresponding pattern of the sample containing 0.2-at.% of Hf ( Fig. 1(B) ) are essentially the same as in the reference sample, indicating that Hf is dissolved into the Ni matrix. In the samples containing 2and 5-at.% of Hf ( Fig. 1(C) ,(D)), the XRD spectra indicate the presence of an additional phase apart from the Ni(Hf) solid solution.
From the position of the diffraction maxima this phase is identified as HfNi 5 . This is not surprising since in the equilibrium Hf-Ni phase diagram [11] this is the first phase to be formed with increasing Hf content. HfNi 5 possesses a C15b face-centered cubic structure, of AuBe 5 type [12, 13] . The XRD peaks are shifted to lower 2θ positions relative to those of the stoichiometric HfNi 5 compound, implying a defective lattice structure relative to that of the equilibrium phase. The analysis of the diffractograms showed that the lattice constant for the HfNi 5 phase in the samples with 2-at.% and 5-at. % of Hf is higher by ~0.4% than the tabulated value. From the XRD line broadening, a mean grain size of ~100 nm for the HfNi 5 phase in the 2-and 5-at.% Hf samples is estimated. 
Recent Developments in Advanced Materials and Processes
In order to obtain further microstructural and morphological information on the Ni-Hf systems, SEM backscattered electron images, at different magnifications 500 and 5000, respectively, were carried out and presented in Figs. 2 and 3 .
The dark areas obtained on BSE micrographs correspond to the Ni phase. The EDS results show that the relative abundance of Hf and Ni in the gray laminar structure is compatible with the stoichiometry of the HfNi 5 phase. It is obvious from Fig. 2 that as the Hf content in the Ni(Hf) system increases, the expanse of the laminar structure increases as well.
In Fig. 3 (a) and (b), two samples with higher Hf concentration are shown, for which the average size of the laminas can be estimated to around 2 µm. In spite of the low concentration of Hf in the 0.2-at.% Hf sample, islands with laminar structure are observed in the SEM image ( Fig. 3(c) ). This is not in contrast to the XRD results, since islands of some residual HfNi 5 phase could still be formed, but not in the amount detectable by the XRD method.
Complementing the presented XRD and SEM analysis, EXAFS not only provides full elemental sensitivity from its principle, but it also yields completely local information. Using EXAFS on the K absorption edge of hafnium, we are able to gain information on the nearest surrounding of hafnium atoms in the samples.
In Fig. 4 preliminary EXAFS results for the 0.2-at.% Hf sample are given. The fit is performed assuming an Ni environment up to the third atomic shell. From the EXAFS spectrum it is evident that the dominant contribution to the EXAFS signal comes from the Hf atoms substituting Ni on the nickel positions. The signal from the Hf atoms in the HfNi 5 phase is below the detection limit of the EXAFS method. The preliminary fit results show that the Hf-Ni nearest neighbor (NN) distance is increased by ~3% with respect to the NN distance in nickel. For the samples with 5-at.% Hf we were not able to obtain a meaningful fit by using the fcc Ni fitting model. Only after assuming an HfNi 5 fcc structure fitting model, we were able to fit the spectra, meaning that in this sample the EXAFS signal comes dominantly from Hf atoms in the HfNi 5 phase. For the 2-at.% Hf sample, our preliminary results show contributions from the both above mentioned situations.
Summary
We have studied the alloying and phase formation in Hf-Ni alloys with low Hf concentration by different experimental techniques complementing each other: XRD, SEM, and EXAFS. The sample with 5-at.% Hf is characterized by the presence of the HfNi 5 phase and the fcc Ni phase. Both phases are detected by XRD and SEM also for the 2-at.% Hf sample, but the EXAFS signal, sensitive to the local environment of Hf, indicates that a fraction of Hf atoms might substitute Ni on the Ni lattice positions in the Ni fcc phase. For the sample with the lowest Hf concentration, the EXAFS fit clearly shows that Hf substitutes Ni, a finding that along with the XRD results indicates that Hf is dissolved into the Ni matrix. Still, a small amount of Hf atoms in this sample might be present in the form of HfNi 5 precipitates, as indicated by the SEM micrographs.
